The structural and transport properties of polycrystalline Ti1-xPtxSe2-y (x ≤ 0.13, y ≤ 0.2) are studied, revealing highly tunable electrical properties, spanning nearly 10 orders in magnitude in scaled resistivity. Using x-ray and neutron diffraction, Pt is found to dope on the Ti site. In the absence of Pt doping (for x = 0), Se deficiency (y > 0) increases the metallic character of TiSe2, while a remarkable increase of the low temperature resistivity is favored by no Se deficiency (y = 0) and increasing amounts of doped Pt (x > 0). The chemical tuning of the resistivity in Ti1-xPtxSe2-y with Se deficiency and Pt doping results in a metal-to-insulator transition. The simultaneous Pt doping and Se deficiency (x,y > 0) confirms the competition between the two opposing trends in electrical transport, with the main outcome being the suppression of the charge density wave (CDW) transition below 2 K for y = 2x = 0.18. Band structure calculations on a subset of Ti1-xPtxSe2-y compositions are in line with the experimental observations.
I. INTRODUCTION
Layered crystal structures with van der Waals gaps lend themselves to great tuning versatility. Particularly, the layered transition metal dichalcogenides (LTMD) are a family of two-dimensional compounds, with electrical transport properties ranging from metals to insulators, mostly with a charge density wave (CDW) ground state.
1 Chemical modifications of these systems include intercalation (in the van der Waals gaps) or substitution with magnetic or non-magnetic elements, greatly enhancing the range of physical properties observed in the LTMDs, to include unconventional superconductivity,
1-7 magnetism
7-10 or metal-insulator transitions.
3,11
The layered crystal structure of the hexagonal LTMDs has prompted studies analogous to those in hexagonal graphene, particularly aiming the fabrication of electronic devices. MoS 2 in particular has attracted recent interest, as its properties can also be tuned through a variety of methods such as strain 12 or the application of electric fields. 13 The CDW state has been exploited in several LTMDs, mainly TiTe 2 14 and TaS 2 , 15 to produce devices with non-linear I-V characteristics. There also was recent interest in TiSe 2 , with new fabrication techniques using mechanical exfoliation 16 and chemical vapor deposition 17 developed for the controlled fabrication of thin layers of TiSe 2 . The LTMDs have a variety of applications for studying the physics of competing phases as well as for their practical use as two-dimensional devices.
Here, we report the remarkable effects of chemical tuning on the transport properties of TiSe 2 . A combination of Pt doping on the Ti sublattice, together with Se deficiency, in the series Ti 1-x Pt x Se 2-y results in the scaled resistivity changing by nearly 10 orders of magnitude. In particular, Se deficiency alone (x = 0, y > 0) completely suppresses the CDW transition and imparts a metallic character to the y = 0.2 system, resulting in a drop in the scaled low T resistivity by nearly two orders of magnitude. By contrast, Pt doping with no Se deficiency (x > 0, y = 0) hardly changes the CDW transition temperature, but reveals insulating behavior with (i) increasing high temperature (T > T CDW ) gap E g and (ii) more then eight orders of magnitude increase of the resistivity scaled at 300 K for x ≤ 0.13. A combination of Se deficiency and Pt doping (y = 2x, x > 0) shows a suppression of the CDW slower than in the former case (y = 0), but considerably faster then in the latter (x = 0), while the resulting high T resistivity (T > T CDW ) is metallic. The large range of resistivity values covered in TiSe 2 by a single (chemical) tuning parameter renders this system as a potential candidate for further exploring adequate transport properties for applications. Furthermore, the room temperature transport gap increasing with x makes this system ideal for transport gap engineering for devices. We argue that the transport properties are driven by the changing chemical potential with x and y, with band structure calculations qualitatively support this scenario. Theoretical calculations similar to these may aid in the future choice of chemical tuning parameters to control the targeted properties of TiSe 2 .
II. METHODS
Polycrystalline samples of Ti 1-x Pt x Se 2-y were synthesized for various x and y using solid state reaction. Stoichiometric amounts of Pt, Ti and Se powders were sealed under vacuum in a silica tube. Reaction temperatures up to 1000°C were necessary to eliminate impurity phases such as Pt and PtSe 2 , but this high temperature caused some Se evaporation. The mass difference before and after heating was compensated for by the addition of Se to the mixture, which was then heated at 650°C first in powder form, and then in pellet form, for several days, with an intermediate grinding. The full procedure was carried out up to two times. A control TiSe 2 sample was synthesized following the same protocol, and the Ti:Se = 1:2 stoichiometry was confirmed by the resistivity peak height. 18 It appears that the PtSe 2 -TiSe 2 solubility limit is reached in the region of 0.13 < x < 0.25, since samples made with x ≥ 0.25 show significant amounts of both binary phases.
Phase determination of the samples was done with powder x-ray diffraction (XRD) using a Rigaku D/max ULTIMA II diffractometer with a Cu Kα radiation source. Rietveld analysis was performed using the GSAS/EXPGUI suite of programs. 19 For consistency, Si powder was used as standard in all XRD powder measurements. Neutron powder diffraction (NPD) was performed at room temperature, for (x,y) = (0,0), (0.02,0.04), (0.05,0), (0.09,0.18) and (0.09,0), using the time-of-flight HIPPO instrument at the Los Alamos Neutron Science Center (LANSCE). For the analysis, high resolution data was taken from the back scattering bank at a nominal diffraction angle of 144.447 deg. Electrical transport measurements were performed down to T = 2 K with a Quantum Design (QD) Physical Properties Measurement System (PPMS) using a standard four probe technique. Band structure calculations were performed with full potential linearized augmented plane wave (FP-LAPW) method implemented in the WIEN2K package.
20 A 10*10*10 k-point grid was used, together with the -6.0 Ryd separation energy between the core and valence states. A plain density functional theory (DFT) calculation with a localized exchange interaction did not reproduce the small 0.15 eV band gap in TiSe 2 that was observed in scanning tunneling spectroscopy (STS) data. 21 Therefore, a screened hybrid functional YS-PBE0
22 was used as the exchange-correlation potential, reproducing the band gap as with the GW calculation.
21 Pt-doped and Se-deficient samples calculations were performed by constructing supercells with a unit cell of (2a,2a,c) with one Ti atom replaced by Pt or one Se atom removed from the supercell.
III. DATA AND ANALYSIS
TiSe 2 has rather unique properties among the many known LTMDs. This compound displays a commensurate CDW, with long-debated properties of the normal state because of the small indirect gap in TiSe 2 . It was difficult to unambiguously discern between a positive (semiconductor) 21, 23, 24 and a negative (semimetal) 25, 26 gap, with the most recent scanning tunneling spectroscopy (STS) studies favoring a small band gap semiconductor. 21 The CDW transition around T CDW = 220 K is marked by a broad peak in resistivity, without a preceding incommensurate CDW state as is the case in many LTMDs.
2,4,6,26 Unlike many other LTMDs, the CDW state in TiSe 2 does not result from Fermi surface nesting, but has been claimed to originate from an excitonic insulator state.
2,23,25 Most intriguing, TiSe 2 does not have a superconducting state above 0.4 K, 4 as is the case in many LTMDs, but a superconducting state can be induced either by the intercalation of transition metals T = Cu or Pd 4,6 or pressure.
27
The transition metals M known to intercalate in TiSe 2 do not form stable MSe 2 compounds isostructural with TiSe 2 . However the PtSe 2 and TiSe 2 are known isostructural LTMDs. 28 It is therefore not surprising that Pt is found to dope in place of Ti rather than intercalate in-between the layers. [28] [29] [30] [31] Structural studies with XRD and NPD indeed confirm that this is the case in all Ti 1-x Pt x Se 2-y samples presented here. As an example, the refined XRD and NPD data for Ti 0.95 Pt 0.05 Se 2 are shown in Fig. 1 . The XRD refinement confirms the P 3m1 space group for Ti 1-x Pt x Se 2-y for all reported (x,y) values. The lattice parameters a and c are plotted in Fig. 1c) . A similar effect occurs with doping and Se deficiency, when y = 2x (Fig.  1e) . Surprisingly, it would appear that the amount of Pt is irrelevant from a structural perspective, given that the change in both a and c for y = 2x is the same as when the composition is only changed by Se deficiency y, for the same values of y (Fig 1c and e) . This is also consistent with the fact that the lattice parameters remain virtually unchanged by doping alone (y = 0) for x values up to 0.13 (Fig. 1d) .
To determine the location of the Pt atoms, several structure models were used for the NPD refinement. From GSAS refinements, a model with Pt and Ti sharing the same site appears to be the most accurate. Attempts to employ an intercalation model (with the Pt atoms located in the van der Waals gaps) consistently lead to values for Se occupancy and atomic displacements U iso that were non-physical. Se occupancy increased to ∼ 1.5, indicating 50% more Se occupying a site than physically possible. The U iso for Pt in the van der Waals gap was 0.6 -0.8, an order of magnitude larger than the typical U iso values. This represented an implausible increase from room temperature U iso values in crystals, usually on the order of 0.01, with higher values of 0.1 -0.2 for loosely-bound atoms in organic molecules.
32 Therefore, it is concluded that Pt is not located in the van der Waals gap, but is only partially substituting on the Ti sites.
The effects of Se deficiency (y ≥ 0) versus Pt doping (x ≥ 0) on the transport properties are first illustrated by the change in the absolute resistivity values in Fig. 2 . At T = 300 K, the resistivity ρ appears to increase one or two orders of magnitude from the y = 0 samples (solid lines) to the y > 0 samples (dashed lines). Furthermore, the qualitative temperature dependence of the resistivity is substantively different for the two sets of samples. The Se deficient samples (dashed lines) display a decreasing resistivity with decreasing temperature, indicative of a trend towards metallicity. Se deficiency has been shown to suppress the height of the peak below the CDW transition in TiSe 2-y single crystals, 18 however without moving the CDW transition itself. The difference between the reported resistivity of Se-deficient single crystals and the polycrystalline samples in the current study is most likely in the actual amount of Se deficiency, which may differ from the nominal amounts y.
A comparison of the resistivity data, scaled at T = 300 K, for various x and y values for Ti 1-x Pt x Se 2-y is shown in Fig. 3 . With no Pt doping, (x = 0, Fig. 3a) , the resistivity displays metallic behavior when y = 0.2, with only small changes to resistivity for y ≤ 0.1. As seen in the inset and below in Fig. 4a , as the resistivity displays metallic behavior, it appears that the CDW transition has been suppressed to below 2 K for this composition. In the case of Pt doping with no Se deficiency (y = 0 , Fig 3b) , the scaled resistivity increases by up to eight orders of magnitude, as x increase up to x = 0.13. Quantitatively, this can be described with an exponent α introduced as:
The T = 6 K was used for defining α since, at lower temperatures, the resistance values for the most insulating sample (x = 0.13) surpassed the instrument limit for these measurements. The exponent α determined using Eq. 1 is maximum, α = 7.2, for x = 0.13. However it is readily apparent from Fig. 3b that this is an underestimate for α, since ρ is likely to still increase rapidly below 6 K. Remarkably, the CDW transition appears minimally affected by Pt doping without Se deficiency, as will be shown below by the resistivity derivative plots (Fig. 4) .
In the case of y = 2x (Fig. 3c) , the low temperature scaled resistivity first shows a slight increase for x = 0.02 (circle), slower than that for the analogous x value with no Se deficiency (Fig. 3b) . However, for x ≥ 0.05 the resistivity becomes metallic at high temperatures, while the CDW persists up to x = 0.05, albeit at decreasing temperatures. A competition appears to exist between Pt doping, which drives the system towards an insulating state, and the Se deficiency, which suppresses the CDW and induces a poor metal state. The CDW transition is more evident in the resistivity derivative dρ/dT (Fig. 4) , with T CDW defined as the temperature where a drop in the derivative occurs on cooling. 6 As mentioned above, the CDW is completely suppressed in the (x,y) = (0,0.2) sample (pentagon, Fig. 4a ) or partially suppressed for (x,2x) with x ≥ 0.05 (Fig. 4c) . All other compositions, and in particular those with no Se deficiency (Fig. 4b ) display a CDW transition at the same temperature T CDW ≈ 220 K, marked by a vertical dashed line in Fig. 4 . However, the CDW transition temperature is suppressed by nearly one order of magnitude for x = 0.05 in Ti 0.05 Pt 0.95 Se 1.9 (up-triangle, inset, Fig. 4c ), down to ∼ 25 K.
For the insulating samples (y = 0, Fig. 3b ), the band gap E g above T CDW was estimated using:
The gap E g as a function of x (Fig. 5) is determined as the slope of the linear fits for lnρ vs. 1/T (inset) above T = 250 K. The gap E g increases linearly with x and reaches a maximum value E g = 125 meV at x = 0.13.
In order to understand how tuning x and y produces the semiconducting and metallic states of Ti 1-x Pt x Se 2-y , hybrid functional DFT calculations are performed for (x,y) = (0,0), (0.25,0) and (0,0.25). A density of states (DOS) plot is shown in Fig. 6 . The calculations reveal E g = 0.2 eV for TiSe 2 , which agrees with the previous DFT calculations using the GW approximation, close to some of the recent experimental estimates.
2,25,36
Pt doping alone (x,y) = (0.25,0) increases the gap to E g = 0.5 eV, a trend consistent with the observed linear change in E g . The valence band is between -6 eV and 0 eV for (x,y) = (0,0), and widens with Pt doping by about 1 eV in (x,y) = (0.25,0). This widening is possibly due to the smaller electronegativity difference between Pt and Se (0.35) compared to Ti and Se (1.01). DOS in (x,y) = (0,0.25), albeit with a small value (local minimum) at E F . The Se deficiency can be understood as analogous to electron doping, as fewer Ti electrons are transferred to Se sites in (x,y) = (0,0.25) compared to (x,y) = (0,0).
The Ioffe-Regel limit specifies the maximum resistivity of a metal. The limit is estimated from the Drude transport equation ρ = ne 2 τ /m, using the Fermi velocity (assuming a spherical Fermi surface) for estimating the mean scattering time τ , with the Fermi surface taking up the entirety of the first Brillouin zone to estimate the charge density n, and using the electron's rest properties for the values of e and m. The large increase in resistivity for the Se-deficient samples, which violates the Ioffe-Regel limit of 500 µΩcm (calculated for a nearly full first Brillouin zone with a typical lattice spacing of ≈ 4Å), 38 cannot be explained by the small DOS alone. The large resistivity could be indicative of other sources of electron scattering such as from underlying CDW correlations, 39, 40 or the electrons becoming strongly localized, as is the case in some bad metals. The overall effects of Pt doping and Se deficiency are summarized in the (x,y) contour plot of the resistivity exponent α (eq. 1) in Fig. 7 . It is readily apparent that the two chemical control parameters x and y have drastically different effects on the transport properties of TiSe 2 . First, for y = 0, α increases linearly with x up to α ≈ 8 for x = 0.13. The opposite trends, albeit much slower, is revealed by Se deficiency without Pt doping (x = 0), where α decreases with y to α ≈ −1 for y = 0.2. Along the line y = 2x, the competition between the two chemical control parameters x and y results in a nonmonotonous change in α. For low x, Pt doping wins over Se deficiency as the x = 0.02 sample becomes slightly more semiconducting than the x = 0 one. Further increasing x in the case of y = 2x results in decreasing α and a metallic state towards high x. The y = 2x delineates a metallic range above, with increasing insulating character upon approaching the x axis at high x. Interestingly, the CDW state seems to be less sensitive to the change in the electrical resistivity. The dashes line in Fig. 7 indicates that the CDW state persists for most semiconducting samples. The nearly divergent ρ for (x,y) = (0.13,0) makes it very difficult to still determined the signature of the CDW, while in the (x,2x) samples with x ≤ 0.07, downturns in dρ/dT close to the lowest measured T (inset, Fig. 4c ) suggest that a CDW transition might still occur just below 2 K. This would be consistent with the trend observed up to x = 0.05, where T CDW has been suppressed down to 25 K.
IV. DISCUSSION AND CONCLUSIONS
In Ti 1-x Pt x Se 2-y , the x and y chemical control parameters drive changes from metallic to semiconducting behavior, simultaneous with changes of the a and c lattice parameters. Interestingly, the a increases and c decreases with increasing y in the undoped samples (x = 0 in Fig.  1c) . The accompanying trend towards metallicity (Fig.  3a ) might be associated with increasing inter-layer correlations, as the corresponding lattice parameter c becomes smaller. By contrast, changing x with no Se deficiency (y = 0 in Fig. 1d ) leaves a and c virtually unchanged, while the transport properties are dramatically affected (Fig. 3b) . In conjunction with the band structure calculations, these observations indicate that Se deficiency shifts the chemical potential of the system towards the Ti 3d bands and increases, at least crystallographically, the 3D character of these compounds as a increases and c decreases. Previously, Cu and Pd intercalation in TiSe 2 also led to an increase of the a lattice parameter, resulting in metallic (and eventually superconducting) behavior.
4,6
However, the c lattice parameters for the intercalated superconducting compounds increased, contrary to the effect in the current Pt-doped samples. A more thorough exploration of the (x,y) phase space is necessary to fully determine the correlations between the electronic and structural properties of TiSe 2 . It is of note, however, that even TiSe 2 intercalation with transition metals that did not yield a low temperature superconducting state 42 resulted in an expected decrease of the inter-layer spacing c.
Previous experimental studies on PtSe 2 indicated that this dichalcogenide compound was a semiconductor with E g = 100 meV, 31 while TiSe 2 was likely a semiconductor with a small (≈ 20 meV) band gap E g .
2,21,23-25 Considering that the Ti and Pt are chemically and electronically substantively different, it is not entirely unexpected that the change in the gap value with x is non-monotonic. Pt doping of only 13% in TiSe 2 (Fig. 3b) appears to increase the gap beyond that of pure PtSe 2 , suggesting a higher maximum gap in Ti 1-x Pt x Se 2-y , if higher compositions were not precluded by the solubility of the two end compounds. Interestingly, the CDW is observed to persist in the semiconducting state in Ti 1-x Pt x Se 2-y (y = 0), as seen in Fig. 3b . This was also the case in Pd-intercalated TiSe 2 .
6 However, in the latter case, much smaller scaled resistivity values (ρ/ρ(300K) ≤ 10
3 ) favored a superconducting state for high enough Pd composition. However, given that the gap in TiSe 2 is very small, there is an ongoing debate over its exact value, 2, 18, 21, [23] [24] [25] [26] 36 which is irrelevant for the current discussion.
Engineering a transport gap in TiSe 2 may allow transistors and other electronic devices to be made based on TiSe 2 .
12,13,43 While the band gap in the bulk is smaller than the ideal 1 eV for some applications (e.g. photovoltaic cells 44 ), the band gap of dichalcogenides has been raised by 0.5 eV for MoS 2 once the samples were exfoliated to a single monolayer. 43 Additionally, for any prac-tical device using the CDW state, the CDW would have to exist at room temperature. 16 Previous work showed that T CDW could also be raised in thin layer samples of TiSe 2 .
16 Therefore a comparison of the properties of bulk and exfoliated Ti 1-x Pt x Se 2-y may lead to such a desirable band gap E g and T CDW increase. Such experiments are currently underway. Furthermore, tuning of the chemical parameters x and y makes Ti 1-x Pt x Se 2-y ideal for studies of the fundamental physics of the CDW state affected by both the band gap and dimensionality.
